e Newcastle disease (ND) is a highly contagious, severe disease of poultry caused by pathogenic strains of Newcastle disease virus (NDV; or avian paramyxovirus-1). NDV is endemic in wild birds worldwide and one of the economically most important poultry pathogens. Most of the published strains are outbreak-associated strains, while the apathogenic NDV strains that occur in wild birds, posing a constant threat to poultry with their capability to convert into more virulent forms, have remained less studied. We screened for NDV RNA in cloacal and oropharyngeal samples from wild waterfowl in Finland during the years 2006 to 2010: 39 of 715 birds were positive (prevalence, 5.5%). The partial or full-length F genes of 37 strains were sequenced for phylogenetic purposes. We also characterized viruses derived from three NDV outbreaks in Finland and discuss the relationships between these outbreak-associated and the wild-bird-associated strains. We found that all waterfowl NDV isolates were lentogenic strains of class I or class II genotype I. We also isolated a genetically distinct class I strain (teal/Finland/13111/2008) grouping phylogenetically together with only strain HIECK87191, isolated in Northern Ireland in 1987. Together they seem to form a novel class I genotype genetically differing from other known NDVs by at least 12%.
T ype 1 avian paramyxovirus (APMV-1), commonly known as Newcastle disease virus (NDV), is a highly significant avian pathogen, with a strong impact on both commercial and backyard poultry. It has caused three major panzootics during the past 80 years. The genus Avulavirus, a member of the negative-sense RNA virus family Paramyxoviridae, is composed of the antigenically distinct avian paramyxovirus serotypes 1 to 11 (8, 19, 32) . The name NDV is in some contexts reserved exclusively for velogenic poultry-derived strains (defined by the World Organization for Animal Health, OIE).
The fusion protein encoded by the F gene mediates the fusion between the viral envelope and the host cell membrane. The precursor F0 is cleaved by host cell proteases to F1 and F2 before gaining its functional activity (34, 39) . The amino acid sequence of the cleavage site is considered to be a major pathogenicity factor, determining the protease specificity, and thereby the tissue tropism, of a given strain. NDVs are categorized as velogenic, mesogenic, and lentogenic depending on the severity of the disease they cause. Lentogens cause a mild or subclinical infection of the respiratory tract. Velogens, which are cleaved by proteases of the furin family allowing for systemic replication, affect the gastrointestinal tract and/or the nervous system, causing high mortality. The pathogenicity can be assessed by either an intracerebral pathogenicity index (ICPI) with a cutoff value of 0.7 for velogenic strains or molecularly by the cleavage site sequence of the fusion protein.
Multiple basic amino acids at the C terminus of the F2 protein and phenylalanine at residue 117 of the F1 protein are indicative for high pathogenicity (OIE).
Within NDV, two clades can be distinguished (9) : class I viruses, also designated group H or lineage 6 (3, 6, 14) , comprise at least nine genotypes (23) . They are almost exclusively lentogenic strains that have been found among waterfowl and at live-bird markets (35) . Class II includes almost all of the velogenic strains and the majority of all published strains, as they are primarily responsible for the infections in poultry and pet birds (9) . Class II viruses are further divided into genotypes I to XI (used in this study) (7, 17, (29) (30) (31) 40) or genetic lineages 1 to 6 (3). The genotypes of class II are separated as early (genotypes I to IV and IX) and recent or late (other genotypes, isolated after the 1960s). The division is characterized by different genome sizes, 15,186 nucleotides (nt) and 15, 192 nt, respectively (10) . A distinct sublineage (VIb) of class II viruses comprises the pigeon paramyxoviruses (PPMV-1). The group consists of a globally diverse range of strains and has further been divided into several sublineages (2) . They were first seen in the Middle East in racing pigeons in the 1980s and have since then spread to all parts of the world (20) . Endemic among feral and domestic pigeons, PPMV-1 is able to spread to and cause severe disease in wild and domestic bird populations, including commercial poultry (25) .
Roughly, the NDV ecology can be divided into two host systems: wild waterfowl harboring the lentogenic strains and poultry where velogenic outbreaks are manifested. The ecology of NDVs in wild birds appears to be in many aspects similar to low-pathogenic avian influenza viruses (AIV), which are naturally hosted by wild waterfowl, although it is far less studied (21, 42) . The highly pathogenic strains of both viruses seem to arise in a similar way during replication in high-density poultry populations, when mutations are accumulated at the fusion protein cleavage site (36, 37, 41) .
The great intra-and intergenotype diversity of NDVs and their continuing evolution pose a diagnostic challenge, e.g., as demonstrated by class I viruses which are escaping detection by many conventional assays (24, 33) . Constant monitoring of circulating viruses is required for evaluation of vaccine compatibility.
Here, we report our results from screening NDV from wild waterfowl during the years of 2006 to 2010 in Finland. The viruses were sequenced for phylogeny and to assess their pathogenicity by the deduced amino acid sequence of the fusion protein cleavage site. We also report three outbreaks that occurred in pheasants (18, 27) . Our further aim was to elucidate the role of wild waterfowl in the ecology of NDV and the relationships between the wild-bird-derived and outbreak-derived NDVs described in this study.
MATERIALS AND METHODS
Sample overview. Wild migratory waterfowl were sampled during the years of 2006 to 2010. The samples were collected by voluntary hunters and staff of the Finnish Game and Fisheries Research Institute, as part of an active surveillance program of AIV and NDV. Samples were collected from a total of 715 birds, from four main areas in Central and Southern Finland, where waterfowl nest in high numbers (16, 22) . In addition, positive samples derived as part of passive surveillance (dead and clinically affected birds) and from NDV outbreaks were included in our study.
In 2003, NDV with an ICPI of 0.5 was isolated from a flock of pheasants that were partly kept outdoors. The pheasants were reared for release. Hatched chicks were kept in the holding for 5 days prior to release. During this time, a slightly higher mortality was seen (Ͼ10%), and the flock was destroyed when NDV was confirmed in two birds. The affected population consisted of 750 pheasants, 15 chickens, and 1,600 newly hatched chicks. This holding had traded birds with another backyard poultry holding.
During routine health controls in June 2004, antibodies to NDV were detected in western Finland in a flock of 12,000 fattening turkeys, although no clinical signs of disease were apparent. Consequently, NDV was isolated with an ICPI of 1.6. The birds were culled and the outbreak was controlled according to current regulations. Protection and surveillance zones were set around the infected premises, and all poultry within were tested serologically but remained seronegative. Wild waterfowl were suspected to be the source of this outbreak. At the same time, an outbreak by a highly similar virus was reported in Sweden. No connection was found, nor were the sources of the outbreaks confirmed at that time.
In 2008, NDV was confirmed in 6 dovecotes within 6 days. NDV was initially found in dovecote A, with 54 hobby pigeons, after the death of several birds. When the contacts were traced, NDV was found in dovecote B, with over 300 birds of several different species. Their contacts were again traced, and on days 3 and 4 two small dovecotes, C and D, which had been in contact with dovecote B, were found infected. The next day, cote E, which had been in contact with cote D, was found NDV positive. On the sixth day, dovecote F was found positive for NDV after contact with cotes A and B at a pigeon show. All 482 affected birds from the six affected cotes were culled. The dovecotes had been in contact by trade of birds or related products and during shows. All their contacts were investigated by molecular methods but no further NDV-positive cotes were found. All poultry holdings within close proximity with the infected cotes were also investigated, but no affected birds were found.
Sample handling. Cloacal and oropharyngeal swabs from wild birds were collected using flocked nylon swabs and UTM (universal transport medium) (Copan). Samples were kept at room temperature or chilled but were not frozen until they reached the lab. At the lab, samples were centrifuged and supplied with additional antibiotics and stored at Ϫ80°C.
Organ suspensions from outbreak-associated birds and birds from passive surveillance were prepared for PCR studies and positives were confirmed by virus isolation in embryonated eggs (12) .
RNA extraction and RT-PCR. RNA was extracted from swab samples or allantoic fluids using a QIAmp viral RNA minikit (Qiagen). (13) was introduced in our lab in 2010 and used for studying samples from that year. All PCR-positive samples were subjected to virus isolation attempts and/or sequencing. Shortly, swab specimens were injected into 8-to 10-day-old embryonated chicken eggs, and allantoic fluids were harvested from eggs when embryos appeared dead or dying. The remaining eggs were harvested 6 days postinoculation and subjected to a second passage. The collected allantoic fluids were tested for hemagglutinating activity.
Serotyping and sequencing. Distinction between class I and II APMV-1 was done using the previously described F gene RT-PCRs (18, 35) . Primers for the sequencing of the whole F gene spanning the N-and C-terminal noncoding regions were designed for both classes (Table 1 ). An ϳ600-nt region including the fusion protein cleavage site was sequenced for all the strains. The full-length F gene of the class I viruses and the causative agents of recent outbreaks were also sequenced.
Amplifications of target sequences were done using the OneStep RT-PCR kit (Qiagen). Reaction mixes were prepared with 10 l 5ϫ PCR buffer, 2 l deoxynucleoside triphosphates (dNTPs) (10 mM), 1 l of each primer (50 pmol/l), 2 l enzyme mix, 0.4 l RNase inhibitor (20 U/l), and 5 to 10 l template RNA and filled up to 50 l with H 2 O. The following thermal amplification cycle conditions were applied: 50°C for 30 min, followed by 94°C for 15 min, followed by 45 cycles of 94°C for 1 min, 48°C for 1 min, and 72°C for 1 min, followed by 72°C for 4 min.
Samples were prepared for sequencing by gel extraction by the QIAquick gel extraction kit or PCR purification by the MiniElute PCR purification spin kit (both from Qiagen). The sequencing reactions were Sequence analysis. Sequence analysis was performed on a 400-nt region of class I viruses (nt 125 to 524) and on a 450-nt region (nt 275 to 724) of class II viruses of the NDV F gene. Sequences were edited using eBioX version 1.5.1 software (www.ebioinformatics.org) and compared to published strains by BLAST. Reference strains were picked based on BLAST search results as well as from representatives for different lineages. The alignments and phylogenetic analyses were conducted using MEGA software version 5.0 (38) . The trees were generated by using the neighborjoining algorithm, and alignments were bootstrapped 1,000 times.
Assessment of pathogenicity. The F gene sequences of our strains were analyzed for pathogenic determinants in the amino acid sequences of the fusion protein cleavage sites (amino acids 112 to 117), shown in Tables  2 and 3. The outbreak-associated strains were sent to The Animal Health and Veterinary Laboratories Agency (AHVLA; formerly VLA, Surrey, United Kingdom), where ICPI tests were carried out.
GenBank accession numbers. GenBank accession numbers of the Finnish strains described in this study are designated in Tables 2 and 3 .
RESULTS
Prevalence and sampled species. In total, 715 birds were sampled (Table 4) , most of which were wild waterfowl. The most prevalent species sampled for active surveillance were mallard (Anas platyrhynchos) (53%) and Eurasian teal (Anas crecca) (22%), as they are the most common bagged duck species and nest in high numbers in our study areas (16, 22) . The samples were derived from the whole country, except from the northernmost part of Finland. All together, 39 NDV strains were found in the active surveillance study. F gene RT-PCR (used for samples collected prior to 2010) or real-time L gene RT-PCR (samples from 2010) positive samples were confirmed to be NDV by either sequencing and/or by isolation in embryonated eggs with hemagglutination activity. All samples which yielded cycle threshold (C T ) values of Ͻ45 in the real-time RT-PCR assay were considered potentially positive and were subject to further verification by the other methods mentioned above (Table 4) . Most (30/32) samples that were confirmed class II positive in this study had C T values under 37, which was used as a threshold by Fuller et al. (13) , while our class I viruses yielded C T values over 41 ( Table 2 ). The high C T values of two class II viruses were probably due to poor sample quality, whereas the class I viruses with high C T values were readily detected by the conventional RT-PCR.
The NDV-positive active surveillance samples (Table 2) derived most often from Eurasian teals (10.3% of sampled teals, statistically significantly more often than from other sampled species in this study; P ϭ 0.0092), mallards (4.8% of sampled mallards), Eurasian wigeons (Anas penelope; 5% of sampled wigeons), a Northern shoveler (Anas clypeata), and a common pochard (Aythya ferina). The yearly prevalence of NDV among wild waterfowl varied between 0.5% in 2008 to 11.8% in 2010. In passive surveillance, up to 100 samples were collected per year, and only one NDV-positive sample was detected during the study period. This passive surveillance sample was from a dead razorbill (Alca torda), which was initially suspected to be infected with AIV but found positive for NDV. All the birds sampled for active surveillance appeared clinically healthy, although five birds (four Eurasian teals and a northern shoveler) were infected by both lentogenic NDV and low-pathogenic avian influenza virus. No velogenic strains were found from the active surveillance samples.
Characterization of the detected NDV strains. Sequence data of the F gene cleavage site was gained from all but three of the PCR-positive active surveillance samples, probably because of poor sample quality. All the waterfowl-derived strains expressed the lentogenic fusion protein cleavage site motifs: GKQGRL, EKQGRL, or ERQERL (Table 2) Table 3) .
The wild waterfowl-derived viruses were all lentogenic viruses of class I or class II genotype I. The 31 class II wild-waterfowlderived samples, collected during 2006, 2009, and 2010, were at least 96.5% identical, but most were over 98% identical at the nucleotide level (comparison of the 450-nt region). On a few occasions, fully identical viruses were isolated 4 years apart from the same location. As many of our class II strains analyzed in this study are very similar, a few representatives were selected for phylogenetic purposes in Fig. 1 , while the relationships between all Finnish strains are depicted in Fig. 2 Fig. 2 . The tree was generated by a neighbor-joining algorithm, and alignments were bootstrapped 1,000 times. Bootstrap values of Ͼ70 are shown. The strain names were edited to include origin of isolates where needed. Genotypes are marked on the right. 2010) were 97.5% to 99.5% identical and clustered phylogenetically with strains of the class I genotype 2 (by analysis of 400 nt of the F gene; Fig. 3 ). 28 , in the N-terminal region of the fusion protein, preceding the cleavage site (Fig. 4) . A BLAST search of this nucleotide and amino acid sequence identified a homologous domain solely in strain HIECK87191. The distinct N-terminal sequence was left out from phylogenetic analyses and alignments in order to not confer with the results. are marked by black dots and a previous isolate by a white dot. The tree was generated by a neighbor-joining algorithm, and alignments were bootstrapped 1,000 times. Bootstrap values of Ͼ70 are shown. The strain names were edited to include origin of isolates where needed. Genotypes (according to Kim et al. [24] ) are marked on the right.
Of the outbreak-associated strains, strain pheasant/Finland/ 8036/03 was found highly identical with some of our wild waterfowl-derived strains, differing by as little as 0.6%. It also clustered phylogenetically with strains from ducks and wild birds in China and Russia, which shared 99% sequence identity (Fig. 1) .
Strain turkey/Finland/5789/04 clustered with the genotype VIIb viruses and was most closely related (99% identical) to a strain isolated from a shorebird (little tern; Sterna albifrons; GenBank accession no. AY865652) in Russia 3 years earlier. It also clustered phylogenetically with an earlier Finnish isolate (Fin-96; 97% nucleotide identity) and poultry-derived isolates from Iran (1995), Sweden (1997), and Russia (2000) (96 to 97% nucleotide identities) (Fig. 1) .
Domestic pigeon/Finland/17557/2008, isolated during a recent outbreak among hobby pigeons, and feral pigeon/Finland/ 15475/2009 clustered phylogenetically together with genotype VIb strains. The domestic pigeon isolates were genetically close to strain P4 and other Chinese PPMV-1 strains (up to 99% nucleotide identity), while the feral pigeon isolate was 98% identical with a Kazakhstanian strain but reached only 96% identity with all other strains of clade VIb (Fig. 1) .
DISCUSSION
NDV is a common pathogen of birds, and infections have been reported in at least 236 species (21) . Czeglédi and colleagues (10) speculated that class I and class II genotype I are ancestral representatives of NDV maintained by their natural hosts, the wild waterfowl. The recent genotypes, including most velogenic strains, are thought to have arisen in the 20th century through the involvement of a secondary host, the chickens. Because of the economic impact of NDV on the poultry industry, most of the literature is focused on strains derived from commercial flocks. Less is known about the NDV strains circulating in the nature, their evolution, and the role of different host species.
Studies of NDV among wild birds in North America and China have recently been published (9, 23) . Similar information on prevalence and molecular epidemiology of NDV in wild birds in Europe has been scarce, although outbreaks among poultry are frequently reported. In our study, the yearly prevalence of NDV ranged from 0.5% to 11.8%. The highest prevalence was recorded in 2010 when a new real-time RT-PCR method was introduced. A similar, around 10% yearly prevalence of AIV has been recorded in our laboratory (27) . Although sampling procedures varied slightly from year to year and relied on voluntary collectors, isolation and sequencing success was high for PCR-positive samples.
Most of the strains from waterfowl in Northern Europe found during this study were class II genotype I viruses. Our strains appear highly related to Chinese strains that appear endemic in both live-bird markets and in wild-waterfowl populations (9, 28) . These two areas are connected by the Eurasian migratory flyway. The genotype I viruses isolated between 2006 and 2010 from four main sampling sites situated 150 to 500 km apart showed overall very little variation. The strains were highly identical and showed rather site-specific than species-specific similarities, manifested as specific nucleotide signatures at given locations. This is not unexpected, since mallards and Eurasian teals are nesting in the same areas all over Finland. The observed geographic clustering might, however, be related to sample relatedness in terms of sampling time and host population.
Class II genotype I viruses are generally lentogenic, but a virulent strain that was the causative agent of a disease outbreak in Australia in 1998 is thought to have arisen from a lentogenic progenitor (15) . The change from lentogenic NDV to velogenic NDV during favorable conditions, e.g., replication in dense poultry populations, continues to be a major concern. Factors favoring evolution of virulence are (i) the requirement of only a few mutations in the F gene and (ii) the circulation of a high load of diverse lentogenic NDVs in the wild-bird reservoir (33) . Some of the genotype I derivatives, e.g., Ulster2C/67 and Queensland/V4, are used as live vaccines in many countries. Billions of doses of these low-virulence vaccines are used annually, some of which leak into the environment and might be encountered in wild birds.
Six of 39 wild-bird-derived strains were class I NDV. Notably, teal//Finland/13111/2008 and HIECK87191 strains both differ by Ͼ12% from all other published class I NDV strains and harbor a distinct N-terminal motif. Phylogenetic analysis further defines these two strains as the sole members of a distinct genotype of NDV, provisionally named here class I genotype 10. Class I viruses have previously been found in waterfowl and live-bird markets. Although generally regarded as lentogenic strains, a class I strain has at least on one occasion been associated with a velogenic outbreak among poultry (5). Shengqing et al. and Tsunekuni et al. assessed the potential of wild-waterfowl-derived lentogenic class I NDV to become velogenic by serial passaging of goose/Alaska415/ 91. They showed that during 14 passages in chicken, seven amino acid substitutions arose, leading to a shift to a highly virulent variant (37, 41) .
Class I viruses have been neglected in many screening studies, mainly because of poor detection rates by conventional RT-PCRbased screening assays, designed for class II NDV (23) . Kim et al. calculated that a commonly used M gene assay (43) probe site diverged from class I nucleotide sequences by at least 25%, failing to detect them (24) . The F gene RT-PCR protocols used in Finland were updated to include class I viruses after the first Finnish class I virus isolation in 1997 (18) . The use of a rapid real-time multiplex RT-PCR assay for screening clinical samples is much welcomed in diagnostic laboratories. However, attention is needed to reassure that also more divergent strains are detected, e.g., by verifying inconclusive results by isolation attempts or by complementing PCR assays. It should be kept in mind that a sole C T value does not provide sufficient diagnostic value and that the conventional methods are needed to assess other properties of the detected strains. The real-time RT-PCR assay used here seems to have an increased sensitivity compared to our previous methods, judged by the higher number NDV PCR positives in 2010, but as noted by the developers, this method is less sensitive for the detection of class I viruses, as demonstrated by higher C T values (13) .
Finland is located on the Western European flyway, and a big proportion of hatch-year dabbling ducks wintering in West and Central Europe have been found to originate in Southern Finland (16) . Interestingly, while a clear phylogenetic separation can be seen between North American and Eurasian AIV strains, our wildwaterfowl-derived strains were closely related to strains that were isolated on the other side of the Atlantic Ocean. This might reflect the involvement of different host species, with different migratory patterns, than the common hosts of AIV. Trade of birds might also play a part in the transatlantic exchange of strains. There are no duck species which regularly migrate across the Atlantic sea, although many ducks, including American green-winged teal (Anas carolensis), stray to the European side of the Atlantic, where they share the same wintering grounds with Eurasian teals. These two species are able to reproduce together and could serve as the bridge between North American and European NDV. This would further indicate that lentogenic NDV has only very mild or no effect on the fitness of its waterfowl hosts, who are able to migrate across the Atlantic Ocean while infected. The prevalence of NDV in Eurasian teal was found to be significantly high in this study, which could further indicate that this species has a pronounced role in the ecology of NDV in Northern Europe.
Pheasants are susceptible to all strains of NDV, usually introduced by strains prevalent in poultry and wild birds (1) . Isolates from the outbreak among farmed pheasants in 2003 are highly similar (over 99% nucleotide identity) to genotype I viruses that have repeatedly been detected among waterfowl populations in Finland since 2006 and can be considered endemic. The pheasants were most likely infected through contact with wild birds while sharing common grounds during part of their rearing or through trade with another backyard-poultry holding where the reared birds were exposed to wild birds.
During the outbreak in a turkey farm in 2004, similar outbreaks coincided in other Nordic countries. While velogenic strains generally cause acute fatal infections of chickens of all age groups, this turkey farm showed no symptoms of disease. The only published strain with high similarity (99%) to our outbreak-derived virus is a velogenic isolate from a little stern in Russia. A previous, closely related wild-bird-derived strain, goosander/Fin-96b, was isolated concurrently with outbreaks among poultry in Sweden and Norway and outbreaks in the British Isles in 1996 to 1997. Genetic analyses were consistent with the theory of viral spread by migratory birds, although a role of trade of birds or related products could not be ruled out (4, 26) . Apparently, endemic genotype VIIb viruses are regularly introduced to domestic birds where they cause outbreaks. Our isolate (turkey/Finland/5789/04) clustered together with mainly poultry-derived strains, but this is probably a bias caused by the trend to sample and publish sequences of poultry origin.
Epidemiological investigations did not reveal the source of the outbreak among hobby pigeons in 2008. Although import was suspected to be the primary source, genetic analyses of the viruses isolated during the outbreak did not give any further evidence of this. Whether the introduction happened through trade of birds or through unidentified contacts with wild birds remains unsolved, as the closest matches were only up to 98% identical. Although the focus is often on protecting poultry populations, transmission of pathogens can also occur in the opposite direction, from domestic birds to wild birds. This should be noted in order to reduce the spread of PPMV-1 strains.
The Finnish Food Safety Authority has evaluated the effects of vaccinations for the Finnish poultry industry in 2005 (11). The conclusion was that vaccination of poultry should remain banned and that NDV should continuously be prevented in Finland by efficient use of biosecurity measures and effective laboratory diagnostics. An exception to our nonvaccinating policy is racing pigeons participating in shows and races, where vaccinations with a killed virus are required.
In conclusion, our study shows that lentogenic NDVs of class I and class II genotype I are endemic among clinically healthy wild waterfowl in Finland. Because Central and Northwestern Europe are connected by migratory routes of the species analyzed here, our data should apply to Europe in general. Efforts are needed to restrict contacts between wild birds and poultry, as these two host systems appear to have a continuous exchange of NDVs. Import, trade, and bird shows are other events that easily allow the spread of new virulent strains to susceptible populations, unless strict control measures are applied. Identification of new strains escaping conventional diagnostic assays and vaccines underlines the need to continuously update our surveillance systems in terms of diagnostic assays, biosecurity, and research, in order to protect both poultry and wild birds.
